Joubert syndrome (JS) is a genetically heterogeneous ciliopathy characterized by hypodysplasia of the cerebellar vermis, a distinct hindbrain/midbrain malformation (molar tooth sign), and intellectual disability. We evaluated the neuropsychological profiles of 76 participants with JS in the context of molecular genetics and clinical covariates. Evaluations included neuropsychological testing, structured parental interviews, DNA sequencing, brain magnetic resonance imaging (MRI), electroencephalography (EEG), ophthalmologic examination, and assessment for renal and hepatic disease. On average, participants manifested Full Scale Intelligence Quotients (FSIQ) in the moderately to profoundly low range (M = 64.3 ± 15.3). Of the Wechsler index scores, verbal comprehension was least affected and processing speed was most affected. Receptive language was rated as better than expressive language on the Vineland Adaptive Behavior Scales-Second Edition. Those with abnormal EEG had a significantly lower FSIQ (n = 15; M = 50.7 ± 12.9) compared to participants with normal EEG (n = 39; M = 64.7 ± 16.3; p = .004). Participants taking psychiatric medications manifested a lower FSIQ (n = 20; M = 54.8 ± 13.2) than those not taking them (n = 42; M = 65.0 ± 17.2; p = .022). These correlations were also present in the TMEM67-related JS sub-cohort (n = 14).
(n = 39; M = 64.7 ± 16.3; p = .004). Participants taking psychiatric medications manifested a lower FSIQ (n = 20; M = 54.8 ± 13.2) than those not taking them (n = 42; M = 65.0 ± 17.2; p = .022). These correlations were also present in the TMEM67-related JS sub-cohort (n = 14).
Based on parental assessment, psychiatric and behavioral problems were significantly more common than in the general population for all measures (p < .004 for all). The majority (65%) of individuals with JS have some degree of intellectual disability. Abnormal EEG is associated with lower neuropsychological function. Processing speed is a weakness, while verbal comprehension and receptive language are relative strengths. These findings may guide parents, teachers, therapists, and doctors to determine appropriate therapies, accommodations, and academic goals for individuals with JS.
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| INTRODUCTION
Joubert syndrome (JS), first described in 1969 (Joubert, Eisenring, Robb, & Andermann, 1969) , is a rare, inherited condition characterized by hypo-dysplasia of the cerebellar vermis in association with a distinct hindbrain/midbrain malformation that results in the appearance of the pathognomonic "molar tooth sign" (MTS) on axial brain magnetic resonance imaging (MRI). The MTS results from a deep interpeduncular fossa and thick, horizontally oriented superior cerebellar peduncles at the ponto-mesencephalic junction Maria et al., 1997; Maria et al., 1999) (Figure 1 ). Typical clinical features observed early in life include hypotonia, abnormal respiratory pattern, abnormal eye movements (including ocular motor apraxia), ataxia, and developmental delay. Variable features include retinal degeneration, ocular colobomas, fibrocystic kidney and liver disease, and polydactyly Joubert et al., 1969; Maria et al., 1999) . This clinical heterogeneity led to the use of the term JS and related disorders, which includes Senior-Løken (retinal degeneration and nephronophthisis) (Løken, Hanssen, Halvorsen, & Jolster, 1961; Parisi et al., 2004; Senior, Friedmann, & Braudo, 1961) and COACH (colobomas, "oligophrenia" for cognitive impairment, ataxia, cerebellar vermis hypoplasia, and hepatic fibrosis) syndromes . Recently, for simplicity, the term JS is recommended to refer to all participants with the "molar tooth sign"
including participants with or without extra-neurological system involvement (Romani, Micalizzi, & Valenti, 2013) . Therefore, we will use JS to refer to all participants with a MTS, regardless of whether there is an extra-neurological clinical presentation.
The prevalence of JS is between 1/80,000 and 1/100,000, which may be an underestimate due to its under-recognition Parisi, Doherty, Chance, & Glass, 2007) . Pathogenic variants in one of over 30 genes cause JS; inheritance pattern is autosomal recessive, except for one gene, OFD1, which is X-linked. Genes associated with JS encode proteins that are required for the normal structure and function of the primary cilium, the sensory antenna of the cell with critical functions in embryogenesis as well as postnatal maintenance of tissues such as retina and kidneys (Gunay-Aygun, 2009; Parisi & Glass, 1993 ). An intact primary cilium with normal structure and function is a pre-requisite for fundamental signaling pathways including Sonic Hedgehog (Shh) and Plateletderived growth factor receptor-alpha (PDGFRα) that are essential for normal brain function. Shh signaling is required for proliferation of cerebellar granule neuron precursors (Spassky et al., 2008) and PDGFRα plays a role in directional neuronal migration (Carter et al., 2012) . Hence, cerebellar hypoplasia and dysgenesis that result in the pathognomonic MTS for JS, are the common downstream effects of defects in the more than 30 distinct JS genes.
Formal neuropsychological assessment of individuals with JS is challenging due to ocular motor apraxia, speech, and language disturbance including speech apraxia, impaired vision, and sometimes, severe cognitive impairment that may interfere with administration and/or interpretation of neuropsychological evaluations (Maria et al., 1999; Poretti et al., 2010; Tavano and Borgatti, 2010) . In addition, the rarity of JS makes it difficult to conduct studies on a large group of individuals to allow statistically meaningful characterization of the neuropsychological findings. The majority of the publications on neuropsychological functioning in JS have heavily relied on caregiver questionnaires. Formal neuropsychological evaluations of small numbers of individuals with JS have shown variable degrees of developmental delay and impaired cognitive functioning (Gitten, Dede, Fennell, Quisling, & Maria, 1998; Maria et al., 1999; Steinlin, Schmid, Landau, & Boltshauser, 1997; Tavano and Borgatti, 2010; Torres, Buceta, & Cajide, 2001) , including rare cases with normal cognition (Holroyd, Reiss, & Bryan, 1991; Poretti et al., 2010; Valente et al., 2005) .
Recently, Bulgheroni et (Wechsler, 1997 (Wechsler, , 2002 (Wechsler, , 2003 (Wechsler, , 2006 (Wechsler, , 2008b (Wechsler, , 2011 for participants who were able to complete the requisite portion(s) of a
Wechsler IQ test. General Ability Index (GAI), an alternative measure of intelligence that is not strongly influenced by PSI and WMI, was also derived, when possible, using standard procedures (Raiford, Weiss, Rolfhus, & Coalson, 2005; Tulsky, Saklofske, Wilkins, & Weiss, 2001; Wechsler, 2008a We also specifically characterized individuals who produced FSIQ or FSIQ/V scores ≥70 in an effort to highlight the cognitive strengths and weaknesses observed within this subset of individuals.
The Vineland-II includes v-subscale measures of receptive and expressive language. Each v-subscale has a mean of 15 ± 3. In 2010, the Peabody Picture Vocabulary Test-Fourth Edition (Dunn & Dunn, 2007 ) (PPVT-4; mean of 100 ± 15) was added to the evaluations because we recognized a need to evaluate receptive vocabulary in an objective manner that required minimal speech and/or motor functioning.
Age-appropriate versions of the Child Behavior Checklist (CBCL) (Achenbach & Rescorla, 2000 were administered to parents to rate their children's behaviors. The CBCL yields scores related to affective, somatic, social, and cognitive issues. Data across age groups (defined by the CBCL as 1.5-5 years and 6-18 years) were combined into one group for scales that overlapped between the age groups.
Post hoc analyses of the scales by age were conducted to elucidate any differences between the younger and older participants. 
| Statistical analysis
One-way between-subject analysis of variance (ANOVA), pairedsamples t tests, independent-samples t tests, and one-sample t tests were performed using SPSS 21 (2012 The 76 participants ranged in age from 10 months to 36 years (M = 10.2 ± 7.8 years). Thirty-three (43%) were female. Sixty percent of participants acquired the ability to walk independently; of those, the average age that participants began walking was 4.3 ± 2.1 years.
Seventy-three percent of participants acquired the ability to speak; of those, the average age of first word(s) was 2.6 ± 1.3 years.
Participants were from 66 independent families; eight families had two and one family had three affected siblings ( Table S3 ). Mild diffuse background slowing was noted in 16, two of which also showed diffuse excess beta activity (one taking ethosuximide, the second taking clonazepam, both known to cause excess beta activity). Two additional participants had diffuse excess beta activity with otherwise normal background activity (one taking no neuropsychiatric medications, the second taking baclofen and clonidine). Diffuse excess beta activity is a non-specific finding with many reported associations, most commonly medication effect. However, these two medications have not been specifically associated with this finding. Table S4 ).
SUMMERS ET AL. Figure 2 ). Eight (11%) had a GAI score in the low-average/average range. Both FSIQ and GAI were derived for 26 participants; GAI was significantly higher (p = .001, t = 3.655).
The mean VABC score for those who were not able to complete any part of the Wechsler tests was 58.9 ± 18.7 (n = 27). The mean VABC score for all participants, regardless of Wechsler testing, was 60.3 ± 17.3 (n = 35; Figure 2 ).
The average FSIQ/V was 61.7 ± 16.6 (n = 62). For the participants who had a FSIQ and VABC score, the difference between the two measures was not significant (n = 5; FSIQ M = 57.4 ± 21.8, VABC M = 68.2 ± 12.9, p = .14, t = −1.83). The average GAI/V was 63.4 ± 17.3
(n = 64). There were only two participants who had a GAI and VABC score, precluding any meaningful analyses.
Wechsler VCI and WMI scores were, on average, in the borderline intellectual functioning range (70 ≤ index score ≤ 79), while PRI and PSI scores were in the intellectually disabled range ( Figure 3 , Table 2 ).
Vineland-II communication, socialization, daily living, and motor skills subscales were, on average, in the intellectually disabled range (Figure 3 ).
For those individuals with FSIQ or FSIQ/V ≥ 70, the Wechsler index scores followed a pattern that appeared similar to that of the overall cohort. VCI (M = 90.2 ± 14.9, n = 16) and WMI (M = 92.4 ± 14.1, n = 11) were relative strengths, while PRI (M = 82.6 ± 12.2, n = 14) and PSI (M = 83.1 ± 15.7, n = 10) scores were lower. Individuals with JS who produced FSIQ ≥70 were younger (M = 8.1 ± 4.1 years, n = 14)
than those with FSIQ <70 (M = 18.8 ± 6.2 years, n = 18, p < .001; η 2 p = .511). Similarly, individuals with JS with FSIQ/V ≥70 were younger (M = 5.9 ± 4.4 years, n = 22) than those with FSIQ/V <70 (M = 12.5 ± 8.5 years, n = 40, p = .001; η 2 p = .167). There were no differences in age between individuals who produced a GAI or GAI/V score ≥ 70 and those who produced scores <70. Individuals with JS who produced a GAI ≥70 were similar in age (14.7 ± 8.5 years, n = 16) to those who produced a GAI <70 (17.1 ± 5.3 years, n = 15, p = .362; η 2 p = .030). Individuals with JS who produced GAI/V ≥70 were similar in age (9.9 ± 9.0 years, n = 26) to those who produced a GAI/V ≤70 (M = 11.5 ± 7.7 years, n = 38, p = .469; η 2 p = .010).
| Receptive and expressive language
The average Vineland-II v-scaled scores have a population mean of 15 ± 3. The receptive language v-scaled score was 9.9 ± 4.4 (−1.7 SD below the normative sample). The average expressive language v-scaled score was 7.3 ± 4.0 (−2.6 SD below the normative sample).
Receptive language v-scaled scores were significantly higher than expressive language v-scaled scores (n = 35; p < .001; Cohen's d = .62; Figure 4 ).
The mean score on the PPVT-4 was 62.6 ± 22.8 (n = 30), which is in the low range (the population average score is 100 ± 15). Eight participants had a PPVT-4 score and Vineland-II language scores. The correlation between the PPVT-4 and receptive (r(6) = .564, p = .15, r 2 = .32) or expressive language v-scaled scores (r(6) = .574, p = .14, 
| Correlations between neuropsychological function and other clinical features

| Neuropsychological phenotype by pathogenic variants in JS genes
Among the 73 participants whose molecular genetic mutation was identified, TMEM67-related JS (n = 19) was the most common. Of note, the neuropsychological features of TMEM67 participants mirrored the cohort overall (Table 3) Analysis of the data by comparing patients in three groups based on the severity of their mutations (i.e., two missense, one missense and one null/splice, or two null/splice) did not reveal any statistically significant differences in FSIQ, FSIQ/V, GAI, nor GAI/V.
When patients were classified into subtypes of JS as proposed by Brancati et al. (2010) , there were no statistically significant differences in FSIQ, FSIQ/V, GAI, nor GAI/V scores among the subtype groups.
| Neuropsychological functioning in siblings
Our cohort included eight families with two siblings and one family with three siblings affected by JS (Table 1, participants 271-272, 301-302, 481-482, 500-501, 518-519, 557-559, 560-562, 576-577, and 7503-7504) . One sibling from one of the sibling pairs had neither a FSIQ, nor GAI, nor VABC score. For the remaining seven families, all of the sibling pairs had either a FSIQ/V and/or GAI/V score within 15 points (1 SD) of one another. One pair had FSIQ/V scores >15 points different (GAI/V scores were <15 different), but both were able to produce FSIQ and GAI scores; furthermore, one sibling had FSIQ and GAI scores that were in the average range. Another sibling pair had GAI/V scores that were >15 points different, but one of the siblings had only a VABC score. The three siblings (560-562) had FSIQ scores of 69, 51, and 56, respectively, and GAI scores of 71, 55, and 64, respectively.
| Behavioral profile of JS
The psychiatric subscales of 45 participants derived from the CBCL are depicted in Figure 5 and Table 4 . In the general population, these subscales have a mean of 50 ± 10; scores ≥69 are clinically concerning. One-sample t tests revealed that, on average, all of the subscales in our participants were significantly elevated compared to the general population. The summary scales (internalizing problems, externalizing problems, and total problems) have a population mean of 50 ± 10; scores of ≥60 are clinically concerning. Average internalizing problems (struggles within the self, e.g., depression
and withdrawal from social contact) and total problems scores were elevated compared to the general population, while no difference in externalizing problems (conflicts with others, e.g., aggression and tantrums) score was detected from the general population (Table 4 ).
There were no statistically significant differences on any of the CBCL scales between those individuals with JS who had FSIQ/V scores ≥70
and those who had FSIQ/V scores <70.
Post hoc analyses revealed that, in older children (6-18 years), all of the psychiatric subscales and summary scores were significantly elevated compared to the general population. In younger children
(1.5-5 years), all of the psychiatric subscales were elevated, compared to the general population, except for oppositional defiant behavior (e.g., persistent irritability towards or defiance of authority). However, none of the summary scales were elevated compared to the general population.
| DISCUSSION
The large sample size of this study, coupled with molecular genetic diagnosis and comprehensive clinical evaluations performed prospectively at a single center, allowed us to define the spectrum of neuropsychological function in JS in the context of extra-neurological features and specific genotype. Our results indicated that neuropsychological function in JS varies from extremely low to low-average/ average, with the majority (65%) of participants in the intellectually disabled range. These findings are in line with early literature describing neuropsychological functioning in JS, based on a small number of individuals (Gitten et al., 1998; Maria et al., 1999; Poretti et al., 2010; Steinlin et al., 1997; Tavano and Borgatti, 2010; Torres et al., 2001; Valente et al., 2005) . Similarly, the 2016 multi-center Italian study by Bulgheroni et al. reported Our data revealed specific strengths and weaknesses of individuals with JS, both in the overall sample and the subset of individuals with cognitive functioning in the borderline to average range. VCI, which measures verbal comprehension and reasoning abilities and is less affected by inattention or gross motor dysfunction, was a relative strength, while PSI, which measures speed of information processing, visual scanning, and visual discrimination, was the lowest index score.
PSI is the most sensitive measure of brain dysfunction on the Wechsler measures (Hawkins, 1998) . Various forms of intellectual disability, including those associated with cerebellar malformations, are frequently associated with very low PSI (Steinlin, 2007) . However, PSI relies on motor function, ocular motor function, and vision more heavily than other cognitive measures, especially VCI. In disorders associated with motor and visual impairments, such as JS, PSI may be disproportionately affected by these physical and sensory deficits as compared to a pure cognitive disability. Given that almost all JS participants had relatively slow gross motor function and 79% had ocular motor apraxia, cognitive PSI scores in JS may be artificially depressed. Nevertheless, tests that strongly incorporate gross, fine, and/or visual motor functioning should not be entirely discounted in populations where these deficits are common because they play a major role in daily activities. Therefore, PSI might be a more precise indicator of an individual's success in certain areas of school and life than other Wechsler scores.
Similarly, GAI, a subset of FSIQ tests, minimizes the influence of motor function because it is only comprised of VCI and PRI tasks.
While the GAI scores were only mildly (<5 points) higher than FSIQ scores, this difference was statistically significant. Five points on an IQ test can have a major impact on resources provided to individuals with low IQ scores (Kanaya, Scullin, & Ceci, 2003) . Thus, our findings suggest that both GAI and FSIQ should be considered when evaluating individuals with JS who suffer from motor and visual deficits. Whereas GAI may be a better indicator of an individual's pure cognitive abilities (especially for those with severe physical impairment), FSIQ may offer a more accurate measure of an individual's real-world functioning.
Nevertheless, obtaining a GAI is inherently shorter than obtaining a FSIQ, which may make the GAI a more realistic assessment tool when individuals with significant intellectual disabilities are being assessed.
The fact that individuals in our cohort who produced FSIQ, FSIQ/ V, and Vineland-II (but not GAI and GAI/V) scores ≥70 were younger than individuals who produced scores <70 is noteworthy. However,
given the cross-sectional design of this study, it is difficult to appreciate what is driving this difference. Longitudinal studies may help elucidate if these differences are caused by a plateau in development in individuals with JS, such that as individuals with JS get older, the gap between their development and the development of their age-matched, unaffected peers widens. Or, perhaps, deficits in motor functioning (which affect PSI, and therefore, FSIQ, scores more strongly than GAI scores) drive this observed age difference in cognitive functioning.
When evaluating cognitive function in the context of MRI findings, we did not find a significant difference in cognitive abilities of individuals with only vermis hypo-dysplasia and MTS (score 0), when compared to those with infratentorial (score 1) or supratentorial anomalies (score 2). However, an inverse relationship between cognitive function and the degree of cerebellar vermis hypoplasia was identified when a more detailed brain MRI scoring system was used in a larger neuroimaging study that included a subset of the participants reported here (Poretti et al., 2017) . Unfortunately, the rarity of some JS genes may make such studies extremely challenging.
In an effort to elucidate how much of the neuropsychological impairment is determined by the JS genes versus other genes contributing to intelligence, we compared the neuropsychological siblings without any neurological disorder (Bouchard, Lykken, McGue, Segal, & Tellegen, 1990; Gottfredson, 1998; Neisser et al., 1996) .
Nevertheless, JS siblings with discordant intellectual abilities are reported (Poretti et al., 2010) , raising the possibility that a rare modifier gene(s) could positively or negatively impact cognition. Given the wellestablished rates of heritability of IQ in the general population (Bouchard et al., 1990; Gottfredson, 1998; Neisser et al., 1996) , future research assessing the IQ of unaffected family members of individuals with JS may further clarify the specific genetic relationship to IQ in JS.
Parents rated receptive language, the ability to demonstrate comprehension of what others say (usually through actions, e.g., following two-part instructions), as less affected than expressive language, the ability to verbally convey meaningful information to others. The Vineland-II scores, consistent with anecdotal observations regarding language abilities in JS (Holroyd et al., 1991; Maria et al., 1999; Steinlin et al., 1997; Tavano and Borgatti, 2010; Torres et al., 2001; Ziegler, Deonna, & Calame, 1990) Our data corroborate the Italian study (Bulgheroni et al., 2016) finding that high rates of behavioral/psychiatric concerns, especially internalizing problems, are observed in individuals with JS, but these rates are relatively low compared to those observed in other developmentally delayed populations. Our participants exhibited more internalizing, rather than externalizing behaviors compared to the general population, which is consistent with findings in children with Down syndrome (van Gameren-Oosterom et al., 2013) . However, individuals with Autism Spectrum Disorder typically exhibit elevated scores on internalizing, externalizing, and total problems that are higher than those observed in this study (Havdahl, von Tetzchner, Huerta, Lord, & Bishop, 2015) . Parents of participants in our cohort completed a measure of behavioral/psychiatric problems and the data revealed that our participants were more affected by behavioral/psychiatric issues than the general population on 11 of 12 scales. On average, they tended to be more anxious, withdrawn, depressed, inattentive, aggressive, and oppositional than their age-matched peers. Comparisons between individuals who had an FSIQ/V ≥70 and FSIQ/V <70 revealed no statistically significant differences in CBCL scores.
Therefore, it appears that behavioral/psychiatric concerns are common in individuals with JS, regardless of their level of cognitive functioning.
Because behavioral expression of these moods/characteristics differs throughout development, the CBCL has two forms based on age.
We decided to run subsequent analyses on the behavioral data based on the form that was completed. These analyses revealed that older children with JS (ages 6-18) were elevated on all scales, compared to the general population, while younger children (ages 1.5-5) were not elevated on the oppositional defiant scale nor the summary scales. This suggests that as children with JS get older, they may experience more behavioral/psychiatric issues than they did earlier in life.
Within our cohort, 29% of participants were taking at least one psychiatric medication. While this number is much higher than the national average for both typically developing children (∼7%) and adults (∼11%) (2011; Jonas, Gu, & Albertorio-Diaz, 2013; Zito, 2012) , it is much lower than the prevalence of psychiatric medication use in intellectual and developmental disorders (81%) (Deb et al., 2009; Howie, Pastor, & Lukacs, 2014; Jonas, Qiuping, & Albertorio-Diaz, 2013; Russell, Hahn, & Hayward, 2011; Zito, 2012) . correlates, we did not find many statistically significant differences between groups on these measures. Even though the sample size of this study was relatively large compared to other studies assessing neuropsychological function in JS, due to limited numbers in subcohorts, the power of our analyses may not have been high enough to detect group differences. The fact that we could only obtain a FSIQ score for approximately 43% of the participants highlights the difficulty of conducting neuropsychological evaluations in individuals with JS. The speech delays and physical and cognitive impairments common in JS frequently hinder the ability to collect sufficient data to obtain an estimated FSIQ. Other studies have found similarly high rates of incomplete neuropsychological assessment (Maria et al., 1999; Poretti et al., 2010; Tavano & Borgatti, 2010 
